Abstract The aim of this prospective cohort study was to determine the densitometric relevance of minor design modifications of a cementless stem designed to improve proximal load transfer. We used a prospective cohort study with densitometric analysis over a five-year period of two groups of patients with primary osteoarthritis. The first group, 56 hips, received the first version of the ABG stem (ABG-I); the second group, 54 hips, had the ABG-II stem. The results obtained with the ABG-I stem showed a decrease of bone density in proximal areas that ranged from 13% to 37%. However, the new design had a decrease of the same areas that ranged from 9% to 23%. These differences were noted at the end of the first post-operative year and remained stable, except in zone 7, where they were progressive. There is little evidence that the modified stem reduces femoral bone density loss.
Introduction
Periprosthetic bone remodelling following the insertion of a cementless femoral stem can be attributed to mechanical [7, 14] and biological factors [6, 23] in response to the new biomechanical situation created by the prostheses. In the last 20 years, dual-energy X-ray absorptiometry (DEXA) has been used to quantify the changes of bone mineral density (BMD) attributed to periprosthetic remodelling, and it is thought to be ideal for long-term follow-up studies [1, 11, 21] .
Given the amount of variables influencing bone remodelling, it is exceptional to study some of them separately in vivo. There are few studies that analyse the influence in BMD that small changes in stem design can cause by using two homogeneous groups of patients. With the redesign of the ABG stem, an anatomical cementless stem, we carried out a prospective study which included two groups of patients who received one of the two versions of the stem and who completed a five-year clinical, radiographic and densitometric follow-up. The aim was to quantify the effect that a thinner, shorter and polished diaphyseal part of the stem had on promoting better metaphyseal load transfer by analysing the BMD changes in the proximal femur.
Methods
To study the possible differences of bone remodelling determined by the two ABG stem designs (ABG-I and ABG-II), we designed a prospective cohort study that quantified the BMD changes around the implant in a five-year follow-up period. The size of the sample was calculated by considering the average loss of BMD reported in previous studies in the seven zones of Gruen [6, 8, 10, 18, 20, 21, 23] . So, a minimum of 60 patients were considered necessary to be included in the study group. The inclusion criteria were as follows: firstly, the ABG stem should be indicated by the patients' condition according to the shape of the femur and their bone quality; secondly, involvement should be unilateral, since the healthy opposite hip was used to compare the physiological BMD changes; and lastly, patients had to sign a document granting their informed consent to participate in the study. The local Research Ethics Committee authorised the study. So, all of the patients suffering from unilateral osteoarthritis who were seen in the Adult Hip Unit and who met the inclusion criteria were included in the ABG-I or ABG-II groups according to the day of their first consultation (odd day: ABG-I; even: ABG-II). Sixty patients were included in each group between February and October 1999, when the manufacturer introduced the new design and ancillary, which co-existed in our hospital with the old one. However, only 56 patients of the first group and 54 of the second completed the five-year follow-up. All of the data from the lost patients were excluded from the study. The demographics and pre-operative Merle d'Aubigné scores included in Table 1 correspond to those patients who completed the follow-up.
The implants used (Fig. 1) were the two versions, I and II, of the ABG stem (Stryker Howmedica, Mahway, New Jersey), which is a cementless, anatomical, titanium pressfit stem with metaphyseal anchorage. The cups were the ABG-I type for the first group and the ABG-II type for the second; in both cases, a press-fit cementless cup, with almost identical design (the only differences were in the polyethylene locking system that made it impossible to use the old liners in the new cups) but different polyethylene composition. The cup was not part of the study. The anterior and posterior design at the metaphyseal level is scalelike to enhance the stability of the implant; and is coated with hydroxyapatite (HA). The tip of the implant is thin and short, avoiding endo-medullary contact with the diaphysis. The differences introduced in the ABG-II are as follows: slight antero-posterior metaphyseal flare, shorter (on average 1 cm, depending on the size of the implant), highly polished tip with smaller diameter (on average 2 mm) to avoid bony anchoring at this level and endo-medullary contact; the aim is to achieve proximal load transfer and avoid bone atrophy due to stress-shielding.
All of the patients were operated upon using a standard posterior approach by the same pair of surgeons in each group. The femoral canal was prepared with diaphyseal reaming (1 mm more than the tip diameter calculated preoperatively) and progressive broaching, leaving 2-3 mm of metaphyseal cancellous bone around the stem. The bearing surface was metal-on-polyethylene in all cases. Postoperatively, all of the patients received low-molecularweight heparin for prophylaxis against deep venous thrombosis, and antibiotic prophylaxis for the first 48 h. Partial weight-bearing with two crutches was allowed during the first six weeks and walking with a cane was recommended for another six weeks.
Clinical evaluation was done using the Merle d'Aubigné score pre-operatively and every year after the operation. Radiographs were obtained annually to determine changes in cup or stem position and any other radiographic findings according to the criteria of Engh et al. [5] .
The evolution criteria used were the BMD variations in a series of small frames of 30×30 pixels of each one of the seven Gruen zones, both in the operated and in the healthy hip. To ensure the precise placement of the boxes throughout the study, we used the scan comparison software included in the densitometer. BMD measurements were made with an Hologic QDR 1000 densitometer (Hologic Inc., Waltham, Massachusetts), using the Hologic metal exclusion software. Five scans were performed on the operated hip: pre-operative, at the 15th post-operative day, six months, one and five post-operative years. And only two scans were performed on the contralateral hip: preoperative and at five post-operative years. Nevertheless, for the operated hip, we took the BMD determined in the post-operative scan as the baseline value for all of the comparisons.
Patient positioning was considered to be of utmost importance to guarantee the reliability of the measurements [4, 15] . So, a positioning protocol was designed to place the patients in the supine position on the scanner table. The technical features of the densitometer were: precision error in the femur of 1.5-2% and error due to inter-observer variability between 1.6-2%.
For the statistical analyses, an analysis of variance (ANOVA) test for each stem with a significance level of 0.05 was used to analyse significant changes of the BMD in every femoral area between the post-operative scan, 6 months, one and five years post-operatively. When those differences existed, a Student's t-test with a significance level of 0.025 was performed to analyse the results between the post-operative time and six post-operative months, postoperative and one year post-operative results, and between the first and fifth year post-operatively. Later, a Student's independent groups t-test with a significance level of 0.05 was performed to compare the results of BMD between the groups at the post-operative time, six post-operative months, one and five post-operative years. Finally, a Student's t-test for the related data was performed to compare the BMD between the operated and the control hip at five years follow-up.
Results
The comparison of the measurements obtained throughout the follow-up showed some differences in the patterns of remodelling caused by the two stems (Table 2) . Postoperative values were taken as baseline for the BMD follow-up in the operated hip. Between the pre-and postoperative values, we found a decrease that ranged from 2.6% to 8.8% in the ABG-I group and from 0.2% to 6.5% in the ABG-II group; these decreases were attributed to the effect of the surgical reaming and rasping, without statistical differences between groups. Six months after the surgery, an additional decrease of BMD was observed in most of the zones around both stems, which was considered to be the result of the rest period and partial weight bearing during the three post-operative months, and the later effects of the surgery. However, there were slight differences attributable to the early effect of the different biomechanical patterns. The ABG-II stem showed some bone mass recovery in areas 2 and 6, with a reduced bone loss in area 7. The period between six and 12 post-operative months reflects the bone response to the new biomechanical environment produced by the hip replacement. In that time, some differences between stems appear. In the ABG-I group, there is a slight additional loss of BMD in zone 1, and some bone recovery in the middle and distal areas around the implant. The ABG-II group shows a similar pattern of remodelling without additional bone loss in the proximal femur. Finally, the patterns of remodelling of these implants showed certain differences in the period from the end of the first to the end of the fifth year. The ABG-I group had minor changes of BMD in zones 1 to 6, but a late decrease in zone 7 that reached up to 37.4%. On the contrary, the ABG-II group had a slow but progressive recovery of BMD in zones 2 and 6, no changes in zones 3, 4 and 5, with a late decrease in zones 1 and 7 that reached 9.0% and 23.8%, respectively. Between implants, at five years follow-up, the differences were statistically significant only in areas 6 and 7.
Clinical evolution was considered good in all of the patients in both groups who completed the densitometric study (Merle d'Aubigné score 16.90 for ABG-I and 16.71 for ABG-II) without significant complications. The radiological evolution at the end of the fifth year follow-up Fig. 1 a ABG-I stem. b Postoperative radiograph of the ABG-I stem. c Radiographic features of the ABG-I stem five years post-operatively. Bone mass in the middle and distal areas seems preserved, but were decreased in the proximal femur period proved that all stems were stable; there was no significant cortical hypertrophy nor were there radiolucent or reactive lines. However, in the ABG-I group, we noted cancellous condensation in zones 2, 3, 5 and 6 in more than 80% of the patients and bone resorption in 32% of the patients in zone 1 and 68% in zone 7. In the ABG-II group, we noted cancellous condensation in zones 2, 3, 5 and 6 in more than 46% of the patients and bone resorption in 32.5% of the patients in zone 1 and 38.8% in zone 7 (Fig. 2) .
No differences were found pre-operatively between the healthy and the affected hip. The BMD evolution in the contralateral, healthy hip showed slight differences in this period in both groups (Table 3) . At the end of the study, there was a decrease that ranged from 3.2% to 8.6%, which was more evident in the proximal part of the femur and more cancellous bone, reflecting the regressive changes of aging. When compared with the operated hip, the BMD in the middle and distal areas were similar in both hips. Only in zone 7 were there significantly reduced values on the operated hip.
Discussion
Bone remodelling after a hip replacement has a multifactorial aetiology [2, 22, 23] . In the early post-operative period, rapid bone loss can be detected as a consequence of post-operative rest, partial weight bearing and surgical technique [10, 11] . In order to quantify and reduce the amount of this loss, which ranged between 0.2% to 8.8%, we took the post-operative scan as the baseline value to calculate later changes due to the biomechanical response to the implant. Nevertheless, the surgical technique still has an influence on the changes that occur in the first six months. The final rasping and press-fit setting of the stem can cause additional micro-fractures in the surrounding cancellous bone that will suffer resorption in the following weeks and a new decrease of BMD. Later, the effect of the loads and the stress-shielding can increase the amount of loss in areas with reduced load transfer and promote bone recovery in those with an adequate load transmission. The addition of biological and mechanical factors can explain the decrease of BMD in this zone, which reached 27% at six postoperative months in the ABG-I group but only 13% in the ABG-II group.
Most of the remodelling is established at the end of the first post-operative year, when the BMD seems to reach a plateau in all of the areas around the stem [6, 9, 17, 22, 24] . The results of our study suggest that this stability appears between the sixth and twelfth months, reflecting the biomechanical response of the bone according to Wolff's law. After that period, the hip reaches a balance that is maintained with minor changes over the next five years. However, in area 7, was there some late and additional decrease caused by bone resorption secondary to stress-shielding, which was more intense in the ABG-I stem. On the contrary, there was BMD recovery in those areas that efficiently transmit the loads from the stem to the bone. The differences of BMD between stems in areas 2 and 6 at five years suggest two slightly different biomechanical patterns, more efficient in the case of ABG-II, to preserve proximal femoral bone. Fig. 2 a ABG-II stem. b Postoperative radiograph of the ABG-II stem. c At five years follow-up, this stem seem to have cause a reduced loss of bone density in proximal areas, with similar changes in the middle and distal parts around the stem In previous DEXA studies, first-generation cementless stems (usually straight, collared, extensively coated) showed proximal bone loss that reached up to 45% BMD at 24 post-operative months [14, 22, 23] . Second-generation cementless stems (anatomic design, metaphyseal press-fit, proximal coating) made of titanium still had a decrease of BMD at the end of the second year that ranged from 20% to 25% [9, 17] . Tapered femoral components had a proximal loss between 10% to 30% [1, 6, 19] . Custommade implants reported the best results regarding the proximal loss of BMD, but with a fall of between 10% to 15% at the end of the third year [12, 13] . Recently, femoral stems with reduced stiffness showed a 15% reduction of BMD in the calcar at the end of the second year [7, 9, 16] . The patterns of remodelling produced by these anatomic, cementless stems were similar to those shown by other second-generation cementless stems [6, 9, 17] .
Long-term remodelling can be influenced by various different factors, such as age-related changes. Several studies have proven that aging affects both trabecular and cortical bone [22, 23] . Nonetheless, the amount of these changes in our study at the five-year follow-up was reduced, ranging from 3.8% to 8.0%. This small decrease of BMD in the healthy hip suggests that the changes of the activity level due to the surgery were not intensive enough to significantly affect the BMD of these patients, and their post-operative activity level was similar to normal subjects. These changes coincided with those observed in the Spanish population, which had an average decrease of 3.7% between groups aged 50-59 vs. 60-69 years old [3] . Thus, the differences of BMD observed between the operated and healthy hip were significant only in zone 7 in both groups. These facts allow us to propose that the agerelated effects in people who are 60 years old at the time of the surgery have a minimal influence in their BMD five years after a hip replacement.
We acknowledge some limitations of the study. First, we used a non-randomised comparative clinical trial, which supplies reduced clinical evidence, especially with the minor differences observed in this study. And second, the size of the implant was decided in order to obtain a solid metaphyseal fixation and a minimum of 2 or 3 mm of cancellous bone around the implant. However, in some patients with more dense cancellous bone, we used smaller implants that left more metaphyseal bone, which can cause some changes in the pattern of load transfer.
In conclusion, these anatomical cementless stems provide a pattern of load transfer that helps to preserve similar rates of bone density in the middle and distal zones of the femur when compared with the contralateral, healthy hip. However, the new design of this stem seems to be associated with a modest reduction of BMD loss in the proximal femur.
